Several behavioral studies in rat (Gallagher, 1988) have suggested that opioids in the hippocampus could play an important role in learning and memory. However, in this species, very few reports specifically address the issue of physiological actions of opioids released by the mossy fibers which constitute the principal source of dynorphin and enkephalin in the hippocampus.
In the guinea pig high frequency stimulation of mossy fibers causes a transient heterosynaptic.
inhibition of neighboring mossy fibers (Weisskopf et al., 1993) or perforant path synapses in the dentate (Wagner et al., 1993) , which is mediated by the synaptic release of dynorphin that activates prSSynSptiC K receptors. We show here that neither exogenous nor endogenous dynorphin affect mossy fiber excitatory postsynaptic potentials in the Sprague-Dawley rat, which is consistent with the finding that K receptor binding in the mossy fiber termination zone is dense in the guinea pig and sparse in this rat. More surprisingly, although K receptor binding is found in the rat dentate gyrus molecular layer and in the CA3 pyramidal cell layer, dynorphin had no action on perforant path field responses, somatic potassium currents or evoked monosynaptic inhibitory postsynaptic currents in CA3 cells. This lack of action appears to be an exception among rodents as dynorphin significantly inhibited mossy fiber responses in the hamster, mouse, and even another strain of rat, Long-Evans.
Unlike the K mediated actions, the p opioid receptor agonist DAMGO inhibited Sprague-Dawley mossy fiber responses, as it does in guinea pig. In contrast to other investigators, however, we found that the opioid receptor antagonist naloxone had no effect on Sprague-Dawley mossy fiber LTP. [Key words: hippocampus, mossy fibers, long term potentiation, opioids, dynorphin, K receptor] Immunohistochemical studies have shown that opioid peptides, and in particular dynorphin, are present in high amounts in hippocampal mossy fibers of many species including guinea pig, rat, squirrel, hamster, mouse, monkey, and human (Khachaturian et al., 1982; McGinty et al., 1983; Lewis et al., 1984; Fallon and Leslie, 1986; McLean et al., 1987; Gall, 1988; Houser et al., 1990) . Despite the uniformity in the hippocampal distribution of dynorphin among different species, the distribution of K receptors, the preferred opioid receptor for dynorphin, differs among species (Lewis et al., 1984; Foote and Maurer, 1986; Sharif and Hughes, 1989; Kornblum et al., 1987; Mansour et al., 1987; McLean et al., 1987; Tempel and Zukin, 1987) . In particular, in most species K receptor binding is high in s. lucidum, the termination zone of the mossy fibers. However, in the rat the receptor binding is not in s. lucidum but is found in the pyramidal cell layer. In guinea pigs, we have recently studied the physiological role of dynorphin in the mossy fiber pathway (Weisskopf et al., 1993) . Application of dynorphin caused a presynaptic inhibition of glutamate release from mossy fibers by activating K opioid receptors. In addition tetanization of mossy fibers resulted in an opioid-mediated heterosynaptic inhibition of mossy fiber responses and a homosynaptic inhibition of the induction of mossy fiber long-term potentiation (LTP). This last finding is in striking contrast to reports that in the rat blockade of opioid receptors by naloxone blocks mossy fiber LTP (Derrick et al., 1991; Williams and Johnston, 1992) . A separate debate exists in the literature as to whether guinea pigs belong in the rodent order (Graur et al., 1991; Hasegawa et al., 1992; Martigaretti and Brosius, 1993) . Because of these controversies and the well documented species differences in the distribution of opioid receptor binding we have carried out a detailed study on the possible role of opioids in the rat hippocampal mossy fiber system.
Materials and Methods
Slice preparation. Experiments were performed using hippocampal slices from male Hartley guinea pigs (Simonsen, 2-5 weeks), male Sprague-Dawley rats (Simonsen, 4-10 weeks), male Long-Evans rats (Simonsen, 6-10 weeks), male C57BL/6N mice (Simonsen, 4-10 weeks), male DBA/2 mice (Simonsen, 10 weeks), and male Syrian hamsters (Simonsen, 4-10 weeks). Animals were anesthetized with halothane and decapitated, and the hippocampi were removed, placed in ice cold Ringer's and cut with a vibratome in 500 p,rn thick slices. After at least lhr for recovery, slices were transferred to a submersion chamber for recording. The Ringer's contained 119 mu NaCl. 2.5 mu KCl, 1.3 mu MgSO,,-2.5 mM &Cl,, 26 mM NaHCO,, 1 mM NaH,PO,, and 10 mM glucose and was equilibrated with 95% 0, and 5% CO,. Experiments were done at room temperature. Recordings. Field recordings were made with electrodes filled with 3 M NaCl. When recording mossy fiber inputs, the contribution of axons other than mossy fiber to the evoked synaptic response was reduced by the following procedures: (1) the stimulating electrode was placed in stratum lucidum while the field electrode was moved to different recording sites in stratum granulosum in order to get the largest antidromic field potential and subsequently the stimulating electrode was placed at this location; (2) when the stimulating electrode was placed in stratum granulosum, the mossy fiber field response recorded in the CA3 region had to show a sink in stratum lucidum and a source in stratum radiatum. At the end of the recording session the AMPA receptor antagonist Time (min) CNQX (20 PM) was added to the perfusion solution in order to determine the contribution of fiber volley to the field response. The fiber volley response was subtracted from all records during analysis. The tetanus used to induce LTP consisted of four trains of 100 Hz for 1 set separated by 20 sec. During the tetanus, the perfusion medium included 25-50 PM D-APV which does not block mossy fiber LTP (Harris and Cotman, 1986; Zalutsky and Nicoll, 1990 ), but prevents contamination by NMDA-dependent LTP. When recording perforant path synaptic responses picrotoxin (100 pM) was applied to the perfusion solution and the concentrations of MgSO, and CaCl, were increased to 4 mu. Stimulation and recording electrodes were both placed in the outermost twothirds of the molecular layer, approximately 400 pm apart. In rats and mice small concentric bipolar stimulating electrodes were used to restrict the range of stimulated axons. Intracellular recordings from CA3 pyramidal cells were made using the whole-cell patch-clamp technique (Blanton et al., 1989) or standard sharp electrodes (60-90 MQ 3 M KCl). Whole-cell currents were amplified using an Axopatch-1D. Discontinuous single electrode voltage clamp recordings were made with an Axoclamp 2A. The headstage was continously monitored. The internal solutions for the whole-cell pipettes consisted of 135 mu cesium gluconate, 10 mu HEPES, 0.2 mu EGTA, 2 mu Mg-ATP, 0.3 mu Na,-GTP and 4 mM NaCl when recording evoked monosynaptic inhibitory postsynaptic currents (IPSCs). To retord monosvnaotic IPSCs (Davies et al.. 1990) . CNOX (10 LLM) and D-APV (25 &r) were added to the bath solution. When recording'voltage gated potassium currents, 130 mu potassium gluconate was used instead of cesium gluconate. Recordings of outward potassium currents either with whole-cell or sharp electrode recording were usually performed in the presence of picrotoxin (100 FM), CNQX (10 FM), and tetrodotoxin (0.3-l FM). Cells were held at -40 to -55 mV and 5-15 mV hyperpolarizing steps (l-2 set duration) were applied to switch off the M-current. The inward relaxation during the step was shown to result from closure of M channels by its blockade by carbachol (30 PM) at the end of the experiment. When specifically testing for effects on M-current, Cs (2m~) was added to the medium to block I, (Halliwell and Adams, 1982) . The patch pipettes had resistances of 4-6 MR Drugs were purchased from Cambridge Research Biochemicals (CNQX, APV), Bachem [dynorphin A (l-17)], Endo Labs (naloxone HCL) and Sigma (carbachol, DAMGO, U69593). 
Results
We first looked for the presence of an opioid-mediated heterosynaptic inhibition of mossy fiber synapses in the rat, similar to that previously reported in the guinea pig (Weisskopf et al., 1993) . In the rat, however, we were unable to see any evidence for the existence of such a phenomenon (Fig. 1A ). Instead, a small amount of potentiation was seen in these experiments, which is similar to the results in guinea pig in the presence of naloxone (Weisskopf et al., 1993) . This potentiation most likely resulted from a few fibers that were activated by both electrodes. The tetanization protocol used for these experiments in rats were also used for a set of interleaved experiments in guinea pigs, and as expected the typical heterosynaptic inhibition was seen (Fig. 1B) . One possible reason for the negative result in rat is that the mossy fibers of the rat, although they release dynorphin, may lack the proper receptors. Indeed, as shown in Figure 2A1 rat mossy fiber synaptic responses were entirely unaffected by dynorphin. During these experiments we also carried out experiments on guinea pigs to ensure that the dynorphin was capable of causing its usual effect. We next examined the perforant path since dynorphin has been shown to inhibit transmission between perforant path fibers and granule cells in the guinea pig (Wagner et al., 1992; Wagner et al., 1993) and K receptor binding has been reported in the molecular layer of the dentate gyrus of the rat (Kornblum et al., 1987; McLean et al., 1987) . However, while dynorphin had its usual depressant effect in the guinea pig, it failed to exert any effect in the rat (Fig. 2B1) . In addition the K 1 receptor agonist U69,593 (300 nM> had no action on mossy fiber (n = 5) or perforant path synaptic responses (n = 4) in the rat. On the other hand, in interleaved slices from guinea pig, bath application of U69,593 depressed mossy fiber (n = 7) Time (min) and perforant path fields (n = 5) as reported previously by Weisskopf et al. (1993) and Wagner et al. (1993) , respectively ( Fig.   2A2,B2 ).
The U69,593 depression of mossy fiber responses in the guinea pig establishes the presence of functional K 1 receptors in the CA3 region, contrary to previous binding (Wagner et al., 1991) and electrophysiological (Caudle and Chavkin, 1990) studies.
Since K receptor binding in the Sprague-Dawley rat CA3 region is concentrated over the pyramidal cell layer we considered two possible targets for these binding sites. First, we tested the possibility that these binding sites were on the pyramidal cell body and targeted voltage gated channels in the postsynaptic cell. In particular we examined whether dynorphin might open potassium channels as it (Grudt and Williams, 1993) and other opioids (North et al., 1987; Madison and Nicoll, 1988; Wimpey and Chavkin, 1991) do in other neurons. Dynorphin (500 nM to 1 PM) failed to activate an outward current in rat CA3 pyramidal cells (n = 7), while the GABA, receptor agonist baclofen, which opens the same class of potassium channels as opioids in other neurons (Andrade et al., 1986; North et al., 1987) , did cause a large outward current associated with an increase in conductance (Fig. 3A) (n = 7). The K receptor agonist U69,593 (300 nM) also had no effect (n = 4). In guinea pig CA3 pyramidal cells dynorphin (1 FM) also failed to alter the holding current (n = 4). It has recently been reported that 100 ILM dynorphin enhances the M-current (Moore, 1994) . However, we found that, while activation of muscarinic receptors with carbachol inhibited the inward relaxation recorded during the hyperpolarizing voltage step, dynorphin (100 nM, n = 11; lkM, IZ = 5) did not affect this current or the holding current (Fig. 3B) .
We considered the possibility that the binding sites for dynorphin in the pyramidal cell layer were on the terminals of inhibitory neurons, since these are concentrated on the soma and initial segment and it is well established that inhibitory neurons express other opioid receptors (Cohen et al., 1992; Capogna et al., 1993). However, although monosynaptically evoked IPSCs were inhibited by the p selective agonist DAMGO, dynorphin had no effect (Fig. 3C ) (n = 6).
Given the striking differences between the effects of dynorphin in the rat and guinea pig, the question arises as to which one of these species is atypical. We therefore examined the effect of dynorphin on mossy fiber responses in two species closely related to the rat. In both the hamster (Fig. 4A ) and the mouse (Fig. 4B) , dynorphin was found to inhibit synaptic transmission, although the effect was somewhat less than in guinea pig. These results would suggest that the rat is the atypical species. However, we considered whether a difference might exist between strains of rat and therefore compared the effects of dynorphin on mossy fiber synaptic responses of Sprague-Dawley and Long-Evans (hooded) rats. Surprisingly, mossy fiber responses in Long-Evans rats were inhibited by dynorphin (Fig. SA) . Superimposed on this graph is the averaged results from interleaved Sprague-Dawley rats, confirming the results in Figure 2A indicating a lack of effect of dynorphin in this strain. Since different strains of mice show different susceptibility to naloxone on cognitive tasks (Gallagher, 1988) , we have examined for differences between the DBA/2 and C57BL/6 strains of mice. However, dynorphin inhibited mossy fiber responses in both strains to a similar degree (Fig. 5B) .
Since activation of p opioid receptors can also depress mossy fiber synaptic transmission in the guinea pig (Weisskopf et al., 1993) , and since mossy fibers in the rat contain the p, ligand enkephalin (McLean et al., 1987) , we examined whether mossy fibers of the Sprague-Dawley rat might be sensitive to k opioid agonists. A modest inhibition was observed with the p selective agonist, DAMGO, in both rat and guinea pig (Fig. 6) confirming that activation of p. receptors causes a small, but reproducible, inhibition of mossy fibers in both species.
As discussed in the introduction, the role of opioid receptors in mossy fiber LTP is controversial. The marked species differ- Time (min) Figure 3 . Dynorphin fails to activate potassium currents or block monosynaptic inhibitory postsynaptic currents in rat CA3 pyramidal cells. A, Chart record of a whole cell voltage-clamped neuron held at -50 mV with superimposed inward currents evoked by a 10 mV hyperpolarlzing voltage pulse (2 set duration, 0.66 Hz). Bath application of dynorphin (1 FM) had no effect on the steady state membrane current. The slow outward current induced by the GABA, agonist baclofen (10 FM) demonstrated that the absence of effect of dynorphin is not due to a wash out of the neuron by the whole cell technique. Recordings were done in the presence of the AMPA receptor antagonist CNQX (10 PM), the GABA, receptor antagonist picrotoxin (100 JLM) and the Na channel blocker tetrodotoxin (1 PM). B, M-current relaxations recorded with a sharp electrode. The cell was held at -40 mV and a 10 mV hyperpolarlzing step was applied. Dynorphin (100 nM) was applied for 10 mln and had no effect, either on the holding current or on the M-current relaxation. Carbachol ences in the opioid pharmacology seen in the present study raises the possibility that the reported blockade of mossy fiber LTP by naloxone in the rat might be due to a species difference. We therefore examined the effects of naloxone on mossy fiber LTP in the Sprague-Dawley rat. Control slices and slices exposed to naloxone (10 pM) were interleaved. As shown in Figure 7 , naloxone, applied for at least 20 min, had no effect on LTI? This was not due to the ineffectiveness of our supply of naloxone in blocking opioid receptors, because during this series of negative experiments naloxone was fully effective in completely blocking the actions of dynorphin on guinea pig mossy fibers. 
Discussion
In a previous study from this lab we found that tetanic stimulation of mossy fibers in the guinea pig releases dynorphin, which acts on presynaptic K receptors, resulting in a heterosynaptic inhibition of mossy fiber transmission (Weisskopf et al., 1993) . A similar inhibition has been reported at perforant path to dentate granule cell synapses in the guinea pig (Wagner et al., 1993) . The rationale for carrying out the present experiments was twofold. First, clear differences in the distribution of K receptor binding are known to exist in the rat compared to other species. Receptor autoradiography has revealed a high density cles; same data as shown in Fig. 4B ).
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The inhibitory effect of dynorphin was the same for the two strains of mice.
peak of K receptors in stratum lucidum and dentate molecular layer in squirrel, guinea pig, and hamster (Foote and Maurer, 1986; McLean et al., 1987) . While previous binding studies in the guinea pig have suggested that only the K 2 receptor subtype is present in stratum lucidum and that K 1 is present in the molecular layer (Wagner et al., 1991) , our data ( Fig. 2 and Weisskopf et al., 1993) clearly establish functional K 1 receptors in both regions. In contrast, the rat exhibits a high density zone of K receptors in the CA3 pyramidal layer and in the dentate granular layer (Komblum et al., 1987; McLean et al., 1987; Tempel and Zukin, 1987) . Moreover, even in these latter hippocampal regions, a quantitative analysis indicates that the density of K sites is lower in the rat than in the guinea pig (Sharif and Hughes, 1989) . Recently it has been shown that granule cells in the dorsal dentate gyrus in the guinea pig express K 1 receptor mRNA (Xie et al., 1994) , while those in the rat do not . In striking contrast with such a variability of receptor binding and expression, immunohistochemistry has shown that, in all these species, the mossy fibers are consistently dynorphin-positive (Fallon and Leslie, 1986; Khachaturian et al., 1982; McGinty et al., 1983; McLean et al., 1987; Weber et al., 1982) . Second, while we found that opioid antagonists facilitate the induction of mossy fiber LTP in guinea pigs (Weisskopf et al., 1993) , others, primarily using the rat, have reported that opioid antagonists block mossy fiber LTP (Derrick et al., 1991; Williams and Johnston, 1992 Time (min) Figure 6 . The p. receptor agonist DAMGO inhibits rat mossy fiber responses. Summary of the experiments of the time of DAMGO (100 nM) inhibition in Sprague-Dawley rat (solid circles, n = 9) and in guinea pig (open circles, n = 6) slices.
differences in the opioid receptor pharmacology between these two species, we have been unable to resolve the controversy regarding the role of opioid receptors in mossy fiber LTP.
In a first series of experiments we were unable to find any action of dynorphin in the rat on either mossy fiber or perforant path synaptic transmission. Since K receptor binding has been reported to be low in these areas, we looked for actions in the CA3 pyramidal cell layer where higher levels of binding have been reported. We were therefore interested in seeing if dynorphin activated the ubiquitous G-protein coupled inward rectifying K+ current in CA3 pyramidal cells, as seen with opioid peptides in other neurons (Grudt and Williams, 1994; Madison and Nicoll, 1988; North, 1992; Wimpey and Chavkin, 1991) . In none of the cells tested did we see an effect of dynorphin or U69,593 on the holding current or input resistance of rat CA3 pyramidal cells. Furthermore, in experiments specifically designed to maximize study of the M-current, we saw no effect of dynorphin (0. l-l pM) on M-current relaxations or holding current, contrary to a previous report (Moore et al., 1994) . To test whether the K receptor binding was associated with inhibitory synaptic terminals in the pyramidal cell layer, we tested for an effect of dynorphin on monosynaptically evoked IPSCs. While the p receptor agonist DAMGO inhibited IPSCs, in agreement with previous finding in the hippocampus (Cohen et al., 1992; Capogna et Time (min) Figure 7 . The opioid receptor antagonist naloxone has no effect on the induction of rat mossy fiber LTP. Normalized mossy fiber field potentials are plotted against time. The tetanus was given at time 0. Control slices (open circles, n = 4) were interleaved with slices bathed in the presence of naloxone (10 pM, solid circles, n = 6). Naloxone was applied at least 20 min before the tetanus. The same amount of potentiation was obtained in control and in naloxone treated slices.
al., 1993), dynorphin was without effect. Therefore, although anatomical evidence indicates a high density of binding for K receptor agonists in the pyramidal cell layer in the rat, we were unable to detect any physiological function for these binding sites. The present negative results, however, are consistent with the recent report that the dorsal rat hippocampus is devoid of K 1 receptor mRNA . The role of dynorphin in the rat mossy fiber system therefore remains unknown, and this report must be added to numerous reports in the literature in which extensive physiological investigation has failed to uncover any function for a peptide that has been localized to a specific set of neurons (Bowers, 1994) . Mossy fibers of various species contain enkephalins, in addition to dynorphin (Zamir et al., 1985; Fallon and Leslie, 1986; McLean et al., 1987; Gall, 1988) . Enkephalins act primarily on k opioid receptors and we previously found that b selective agonists also had a modest depressant effect on mossy fiber responses in the guinea pig (Weisskopf et al., 1993) . In the present study we found a similar effect of the p. selective agonist DAM-GO on mossy fiber responses of the rat. However, in comparison to the guinea pig, the presence of enkephalin and k opioid receptors in the rat clearly fail to substitute for the absence of the K opioid receptors, because mossy fibers in the rat did not exhibit a heterosynaptic inhibition. Therefore, either insufficient enkephalin is released from the mossy fibers upon tetanization or the effect of enkephalin on the mossy fibers is too small to be detected.
The second issue addressed in this article concerns the controversy that exists regarding the effects of the opioid receptor antagonist naloxone on mossy fiber LTP. We have found that naloxone facilitates the induction of LTP in the guinea pig (Weisskopf et al., 1993) . Others using Sprague-Dawley rats (Derrick et al., 1991; Williams and Johnston, 1992) , except for Martin (1983) who used guinea pigs, have reported that naloxone blocks LTI? Given this controversy, we reexamined this issue and failed to find any effect of naloxone on mossy fiber LTP in the Sprague-Dawley rat. We can, therefore, rule out species difference as an explanation for the different results.
Perhaps the most intriguing finding of the present study concerns the comparison of the action of dynorphin on mossy fibers in different species. In this regard, the guinea pig does not stand out from other rodents. The Sprague-Dawley rat, however, differs not only from rodents of different families (hamster and guinea pig), but also from a rodent of the same subfamily (mouse; see Nowak, 1991) . Differences between the SpragueDawley rat and the guinea pig have also been found in other parts of the brain, in particular in the deep layers of neocortex (Goodman and Snyder, 1982; McLean et al., 1987; Tempel and Zukin, 1987; Sharif and Hughes, 1989) . Moreover, in the rhesus monkey, the dentate molecular layer and neocortical deep layers, are also dense in K receptors, unlike the results observed in the Sprague-Dawley rat (Lewis et al., 1984; Slater and Cross, 1986 ; these studied do not report on the distribution of K receptors in stratum lucidum). Thus, in terms of the distribution of K receptors'the Sprague-Dawley rat appears to be distinct from other mammals. To our surprise we found that, in contrast to the Sprague-Dawley rat, the Long-Evans rat showed an inhibitory effect of dynorphin on mossy fibers. Unfortunately, no data is available on the distribution of K receptor binding in Long-Evans rats. Most behavioral studies, however, have been carried out using Long-Evans or other strains of rats (see Davis et al., 1992; Jiang et al., 1989; McDaniel et al., 1990) . It would be of interest to compare the effects of naloxone on cognitive tasks in Sprague-Dawley and Long-Evans rats. Based on our findings with the DBA/2 and C57BL/6 strains of mice, however, the different effect of naloxone on the behavior in these two strains of mice (Gallagher, 1988) cannot be explained by differences in the action of dynorphin on mossy fibers.
The complete absence of a detectable role of dynorphin in the Sprague-Dawley rat mossy fiber system compared to other species raises a number of questions. For instance, how does the rat compensate for this absence in the action of dynorphin? Alternatively, is the clearly established synaptic transmitter role of dynorphin in the other species superfluous to an animal's behavior? In this regard it has been very difficult to establish a physiological role for the LHRH slow synaptic potential in the frog sympathetic ganglion (Bowers, 1994) , which is one of the most thoroughly characterized peptidergic synapses in vertebrates (Jan and Jan, 1982) . Detailed behavioral testing with naloxone may provide answers to these questions and establish a behavioral role for opioid peptides in hippocampal function. Given the selective and specific absence of a role of dynorphin in the Sprague-Dawley rat mossy fiber system, it would be interesting to determine if there are naloxone sensitive memory tasks that are selectively absent in the Sprague-Dawley rat.
